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Rel:tRNA interaction, we used single-stranded mRNA(MVF) as a competitor. In the presence of a 10-146 fold excess of mRNA over tRNA, the affinity for tRNA drops up to three-fold, demonstrating that Rel 147 binds both RNA species with a similar affinity (Figure 2B , green traces, and Supplementary Figure   148   S3 ). Using the set of truncated Rel variants described above, we the localized the source of this non-149 specific affinity for mRNA to Rel's NTD region (Figure 2C and Supplementary Figure S4 ).
150
Taken together, these results suggest that in the absence of ribosomes, complex formation between 151 Rel and tRNA is dominated by non-specific interactions mediated by the protein's NTD region. This 152 result is clearly at odds with the highly specific recognition of tRNA by the TGS domain in the cellular 153 context as well as in in the presence of starved ribosomal complexes, both of which are abrogated by 154 the H420E substitution (31). To deconvolute RNA binding by the NTD from that mediated by CTD, we 155 5 next characterised the isolated B. subtilis Rel TGS-Helical region (amino acid positions 374-583) as well 156 as the TGS domain alone (amino acid positions 374-469).
158
The isolated TGS-Helical region of Rel specifically recognises the tRNA 3' CCA end 159 While we do not detect formation of a stable complex in the case of TGS alone, the TGS-Helical fragment 160 binds tRNA Val with EC50 of 0.8 μM (Figure 2D) . In stark contrast to the full-length protein, this interaction 161 is completely abrogated upon introduction of the H420E mutation, suggesting that for these isolated 162 regions (unlike the full-length protein), complex formation is driven by a specific recognition of the 3' CCA 163 tRNA end. Importantly, unlike the full-length enzyme and the NTD, the TGS-Helical fragment does not 164 bind mRNA(MVF), further reinforcing the specificity of this interaction (Supplementary Figure S5C) .
165
Finally, aminoacylation of tRNA Val completely abrogates the interaction with the isolated TGS-Helical 166 domains (Figure 2E) , while the affinity of the full-length Rel remains largely unaffected (Figure 2F) . To 167 rule out tRNA-specific effects, we performed an analogous set of binding assays with full-length Rel and 168 the isolated TGS-Helical domains using both charged and deacylated E. coli initiator tRNAi Met 169 (Supplementary Figure S6) . The results are in excellent agreement with our experiments with tRNA Val : 170 while tRNAi Met binding to full-length Rel is largely insensitive to the H420E mutation and tRNA 171 aminoacylation, complex formation with isolated TGS-Helical domains is strictly dependent on 172 deacylated tRNAi Met and is abrogated by the H420E substitution.
173
Our results demonstrate that, unlike the full-length protein, the isolated Rel TGS-Helical region is highly 174 specific in its recognition of the tRNA 3' CCA end. To rationalise this result, we hypothesise that the 175 association with the ribosome that drives the transition of Rel from the 'closed' conformation, unable to 176 specifically sense and bind tRNA, to an 'open' conformation in which the TGS-Helical region is primed 177 to specifically recognise the deacylated 3' CCA end, thus driving Rel's association with the starved 178 ribosomal complex. Therefore, we next investigated the effects of deacylated tRNA on the interaction of
179
Rel with the ribosome.
181
Deacylated tRNA locks Rel on the ribosome in stationary phase B. subtilis 182 When B. subtilis cultures are challenged with the antibiotic mupirocin, deacylated tRNA Ile accumulates 183 in the cell and the bulk of Rel is efficiently recruited to the ribosome (Figure 3A) . The effect can be 184 readily reconstituted biochemically using purified Rel and B. subtilis 70S initiation complexes 185 (Supplementary Figure S7) . The A-site tRNA-dependent Rel recruitment to starved complexes is 186 highly specific and is efficiently abrogated by tRNA aminoacylation.
187
We tested the association of Rel with ribosomes in conditions that naturally activate the stringent 188 response, as opposed to acute non-physiological isoleucine starvation caused by mupirocin ( Figure   189 3D). As bacteria enter the stationary phase and nutrients become limiting, the ribosome-associated 190 RSHs RelA/Rel are activated and the intracellular concentration of (p)ppGpp increases (35). We
191
characterised Rel association with ribosomes in B. subtilis throughout the growth curve, collecting the 192 samples at OD600 of 0.2, 1.1, 2.1 and 4.8. In the last two samples, the bulk of Rel is recruited to 193 ribosomes and the 100S ribosome dimer peak is prominent. The latter is a sign of high (p)ppGpp levels: 
203
Therefore, we tested tRNA binding to a set of C-terminal truncations of E. coli RelA (Supplementary 204 Figure S8A ), as well as the isolated TGS-Helical fragment (Supplementary Figure S8B) . However,
205
we did not detect stable complex formation in either of the cases. While the reason for this discrepancy 206 is unclear, our EMSAs strongly suggest that E. coli RelA is a considerably weaker tRNA binder than B.
207
subtilis Rel.
208
Since deacylated tRNA is the driving force promoting association of the stringent factor with the 209 ribosome, this implies that E. coli RelA association with starved ribosomes is, correspondingly, less 210 stable as well. We assessed this interaction using sucrose gradient centrifugation of lysates, with and 211 without mupirocin pre-treatment. To detect RelA by Western blotting we used an E. coli strain encoding 
218
Recruitment of Rel to ribosomes by deacylated tRNA is not sufficient to induce synthesis activity in the 219 absence of L11 220 To dissect the relationship between Rel recruitment to the ribosome and (p)ppGpp synthesis, we used 221 three mutant strains with compromised (p)ppGpp synthesis activity ( Figure 3A ). First, we tested the 222 effect of mupirocin on Rel carrying the H420E substitution that abrogated ribosomal recruitment in the 223 reconstituted system. In contrast to wild type Rel, we detect no ribosomal recruitment of H420E Rel.
224
Similarly, no tRNA-dependent ribosomal recruitment of H420E Rel was observed with reconstituted 70S 225 initiation complexes (Supplementary Figure S7 ). Next, we tested Rel with a D264G substitution in the 226 SYNTH domain, which abrogates (p)ppGpp synthesis by the enzyme (38) . Surprisingly, D264G Rel 227 does not bind ribosomes regardless of the presence or absence of mupirocin ( Figure 3A) . This could 228 be explained by the allosteric coupling between both catalytic domains: by disrupting GDP/GTP 229 substrate binding, the D264G substitution could be driving the protein into the SYNTH OFF HD ON state 230 thus destabilising its binding to the ribosome. Indeed, our 3 H-pppGpp hydrolysis assays support this 231 hypothesis (see below and Figure 4E) .
232
Finally, we tested a B. subtilis strain lacking ribosomal protein L11. This protein is crucial for activation 233 of E. coli RelA by starved ribosomal complexes, both in live bacteria and in the reconstituted biochemical 7 system (7, 22, 39) , as well as for the functionality of C. crescentus Rel (40). The lack of L11 does not 235 perturb Rel's recruitment to the ribosome upon mupirocin treatment, demonstrating that association of 236 Rel with starved complexes per se is not sufficient for activation of its synthetic activity.
238
Processive (p)ppGpp synthesis by ribosome-associated Rel does not induce 'hopping' 239 Next, we reassessed the 'hopping' models by testing the effects of nucleotide substrates for (p)ppGpp 240 synthesis on the interaction of wild type Rel with starved ribosomes in cell lysates (Figure 3B) . We 241 supplemented both the lysates and the corresponding sucrose gradients with guanosine substrates (0.5 242 mM GTP or GDP), both added alone or together with either ATP or its non-hydrolysable analogue, a,b-243 methyleneadenosine 5'-triphosphate (AMPCPP, 1 mM). This set of conditions was used to discriminate 244 between the effects of substrate binding per se and active catalysis, since the latter was suggested to 245 actively fuel the dissociation of E. coli stringent factor RelA from the ribosome (22). In the presence of 246 the GDP substrate, the Western blot signal of Rel is spread out in the ribosomal fractions, with further 247 addition of ATP or AMPCPP having only a minor effect (if any). In the case of GTP, Rel is detected both 248 in the light fractions (free protein) and in the 70S ribosomal peak. Just as in the case of GDP, further 249 addition of either ATP or AMPCPP does not have a significant effect. Taken together, these results
250
suggest that the catalytic activity -or the lack of it (i.e. upon omission of ATP or its substitution for 251 AMPCPP) -does not play a significant role in Rel association with starved ribosomes. There is, 252 however, a clear difference between the effect of GDP and GTP on Rel association with ribosomes.
253
This effect could arise from the GTP-dependent action of other A-site binding factors present in lysates, 254 e.g. translational GTPases or different conformations induced by each nucleotide.
255
To further discriminate between 'hopping' and processive synthesis on the ribosome, we titrated wild 256 type Rel in our reconstituted biochemical system. When the reaction turnover is calculated per starved 257 ribosomal complex (Figure 3C , red trace), the enzymatic activity reaches a plateau when the 258 concentration of Rel is equal to that of the ribosomes (0.5 μM). At higher Rel concentrations the 259 efficiency of (p)ppGpp production in the reconstituted system does not increase -and when turnover is 260 calculated per Rel molecule, it decreases (Figure 3C , black trace). This behaviour is consistent with Rel 261 processively synthesising (p)ppGpp while associated with starved complexes rather than the enzyme 262 spending prolonged periods off the ribosome in a catalytically active state upon departure from the 263 ribosome. In the latter case one could expect that, acting catalytically, one starved ribosomal complex 264 would fully activate several Rel molecules; this is not the case.
266
The hydrolysis substrate pppGpp does not promote Rel dissociation from starved ribosomal complexes 267 Given the well-documented antagonistic allosteric coupling between the SYNTH and HD catalytic 268 domains of Rel enzymes (16,21), we tested the effect of the hydrolysis substrates ppGpp and pppGpp 269 on Rel's interaction with the ribosomes. However, due to the significant volume of sucrose gradients (12 270 mL) it is not feasible to perform the experiment in a way that makes the substrate available for the 271 enzyme as it migrates though the gradient. Therefore, we resorted to supplementing only the lysate with 272 1 mM pppGpp. While under these conditions we see no effect on Rel's association with the ribosome 
278
The synthetase activity of Rel is activated by pppGpp binding to an allosteric site in the NTD region 279 Next, we characterised the effects of substrates (GDP or GTP) as well as regulators (ribosomal 
285
While the ribosome stimulates Rel's synthesis activity 5-to 10-fold, and the ultimate activator -the 286 starved complex -has a significantly stronger effect, approximately 50-fold (Figure 4AB) . In good 287 agreement with our earlier results with E. coli RelA (13) (Supplementary Figure S11A) . The Rel NTD region 299 binds pppGpp with an affinity of 10.6 ± 0.9 μM (Table 1 and Supplementary Figure S11B) . Importantly, 300 the interaction has a stoichiometry close to unity, i.e. one Rel molecule binds one pppGpp molecule. To 301 test the possibility of the heat signal being reflective of the alarmone binding to one of the two active 302 sites, we titrated pppGpp into Rel NTD in the presence of saturating concentrations of GDP and a non- 
310
The pppGpp-binding site is conserved between Rel and RelA
311
To test if, similarly to B. subtilis Rel NTD , the allosteric pppGpp binding site of E. coli RelA is also located 312 in the NTD region, we performed a set of enzymatic assays with C-terminally truncated E. coli RelA 313 variants in the presence and absence of 100 µM pppGpp (Figure 5BC) . Deletion of the RelA RRM 9 domain compromises activation by the A-site tRNA of the starved complex (31). A likely explanation is 315 that the low affinity of RelA to starved complexes renders it more sensitive to destabilisation of the 316 complex by deletion of the RRM domain. Activation by the ribosome itself is, however, refractory to 317 progressive deletion of the regulatory CTD. Importantly, when CTD-truncated RelA is assayed in the 318 absence of ribosomal complexes, we do not detect the increase in its synthetic activity that would be 319 expected in the auto-inhibition model (15, 44, 45) .
320
Importantly, all of the truncated variants of E. coli RelA are consistently activated by pppGpp and, 321 similarly to Rel, this holds even for the NTD-only version. The strength of the effect varies from 2 to 32-322 fold depending on the construct and whether the protein is tested alone or in the presence of 70S 323 initiation or starved complexes. Direct measurements by ITC confirmed that pppGpp directly binds to 324 RelA NTD with an affinity of 6.9 ± 0.9 μM, and is insensitive to the addition of GDP, AMPCPP and EDTA
325
( Table 1 and Supplementary Figure S11EF) . Taken together, our results demonstrate that as with 326 B. subtilis Rel, the allosteric pppGpp-binding allosteric regulatory site of E. coli RelA is located in the 327 NTD region of the enzyme.
329
Starved ribosomal complexes actively induce Rel's synthesis activity rather than merely release the 
347
The ribosome and tRNA inhibit (p)ppGpp hydrolysis by Rel
348
The synthetic and hydrolytic activities of Rel's NTD are mutually exclusive (15, 16, 21) . This motivated us 349 to directly test the effects of the ligands that induce the synthetic activity (ribosomes, tRNA) on Rel's 350 hydrolysis activity. The hydrolase activity of the enzyme tested alone is strictly Mn 2+ -dependent and 351 peaks at 1 mM of Mn 2+ (Figure 4D) . We tested the effects of tRNA, ribosomes and starved complexes 352 ( Figure 4E) . In good agreement with earlier results with M. tuberculosis Rel (8), tRNA inhibits the 353 hydrolysis activity of B. subtilis Rel, and the inhibition is abrogated when the interaction with the tRNA 10 CCA end is disrupted by the H420E substitution. Both initiation and starved complexes inhibit hydrolysis, 355 and the H420E substitution does not overcome this effect. Therefore, we conclude that it is the ribosome 356 itself that inhibits hydrolysis. Synthesis-inactive D264E Rel has elevated hydrolysis activity, consistent 357 with the antagonistic allosteric coupling between SYNTH and HD domains (16, 21) . This activity is 358 insensitive to inhibition by ribosomes, in good agreement with the ribosomal recruitment being 359 compromised by the mutation (Figure 3A) .
360
Next, we tested the HD activity of our C-terminally truncated Rel variants, both in the presence and 361 absence of tRNA Val (Figure 4F) . Progressive deletion of both RRM and ZFD leads to induction of the 362 hydrolysis activity (Figure 4F) , while the synthesis activity is compromised (Figure 4C) . Reduction of
363
Rel to an NTD fragment lacking the regulatory CTD near-completely abrogates the hydrolysis activity, 
384
Here we tackle these questions through extensive comparative functional characterisation of B. subtilis
385
Rel and E. coli RelA. We propose a model that summarises our results (Figure 6) . Off the ribosome,
386
Rel adopts a 'closed' conformation in which tRNA-binding TGS and Helical domains are sequestered.
387
In this state the protein has net hydrolase activity, i.e. HD ON SYNTH OFF . Amino acid starvation depletes 388 the pool of ternary complexes formed by aminoacylated tRNA associated with elongation factor EF-Tu 526 527
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